Although contact force (CF)-guided circumferential pulmonary vein isolation (CPVI) for paroxysmal atrial fibrillation (PAF) is useful, AF recurrence at long-term follow-up still remains to be resolved. The purpose of this study was to assess safety and efficacy of CF-guided CPVI and to compare residual conduction gaps during CPVI and long-term outcome between the conventional (non-CF-guided) and the CF-guided CPVI.
Introduction
Atrial fibrillation (AF) catheter ablation is useful for eliminating symptomatic paroxysmal AF (PAF) refractory or intolerant to antiarrhythmic drug therapy. 1 -3 Although pulmonary vein (PV) isolation (PVI) has been recognized as an essential procedure for AF ablation, recurrence of AF at long-term follow-up after PVI still remains to be resolved. 4, 5 Incomplete PVI or PV reconnections after PVI have been shown to be responsible for AF recurrence. 6, 7 Experimental study using a canine model showed that contact force (CF) of electrode to target tissue is a major determinant of lesion size. 8 Recently developed catheter system practically enabled us to monitor this CF during PVI. Recent clinical studies using this new technology showed that the use of real-time CF information during PVI is useful in reducing PV reconnections and making sufficient lesion formation. 9 -11 We and others previously demonstrated that CF-guided circumferential PVI (CPVI) is effective in reducing residual conduction gaps requiring additional touch-up ablation and procedure time. 9, 12 Although the use of CF monitoring during CPVI is associated with prevention of AF recurrence at 12 months, 13 -17 the relationship of residual conduction gaps with long-term outcome in the CF-guided CPVI for PAF remains unclear. Thus, the purpose of this study was to assess the efficacy and safety of the CF-guided CPVI, and more importantly, to compare residual conduction gaps and long-term outcome between the conventional (non-CF-guided) and the CF-guided CPVI.
Methods Study patients and anticoagulation therapy
The consecutive 100 PAF patients undergoing their first-ever ablation from January 2012 through August 2013 were enrolled. Of them, the first 50 patients underwent CPVI by a standard open-irrigated radiofrequency (RF) ablation catheter, ThermoCool EZ Steer catheter (Biosense Webster, Diamond Bar, CA, USA) (conventional group, mean age 61 + 10 years, 19 females), while the latter 50 by a CF sensorequipped open-irrigated RF ablation catheter, ThermoCool SmartTouch catheter (Biosense Webster) (CF group, mean age 65 + 11 years, 20 females). The patients included in our previous study, 12 in which they were randomly assigned to non-CF-guided and CF-guided CPVI and the results were compared between the two groups, were excluded from the present study. Also, those undergoing CPVI using a ThermoCool SF catheter (Biosense Webster) were excluded. The procedure parameters and long-term outcomes were compared between the conventional and the CF groups. All patients were administered an anticoagulant for at least 4 weeks before the study. Pre-procedural transthoracic and transoesophageal echocardiographies were performed in all patients to assess cardiac function, left atrial diameter, and mitral regurgitation grade, and to confirm the absence of left atrial thrombi. Warfarin was not interrupted before and after the CPVI procedure. Dabigatran, rivaroxaban, or apixaban was skipped only in the morning of the procedure day. These anticoagulants were continued for at least 6 months after ablation. The study protocol was approved by the Ethics Committee of our institution, and written informed consent was obtained from all patients before the study.
Cardiac catheterization
Cardiac catheterization and AF ablation procedure were performed as described previously. 12, 18, 19 With patients under local anaesthesia, a 6 Fr double decapolar steerable catheter (BeeAT, Japan Lifeline Co, Tokyo, Japan) was inserted into the coronary sinus via the internal jugular vein. A 10 Fr SoundStar ultrasound catheter (Biosense Webster) was inserted into the right atrium via the right femoral vein, and anatomic mapping of the left atrium (LA) by CartoSound module equipped in a CARTO3 system (Biosense Webster) was performed. After transseptal puncture was performed, 5000 units of heparin was injected into the LA, followed by repetitive injection of 1000 -2000 units of heparin to maintain an activated clotting time more than 300 s during the procedure. Two 8.5 Fr long sheaths (Daig SL1, St. Jude Medical, St. Paul, MN, USA) were inserted into the LA. By asking the patient to swallow contrast medium, anatomic position of the oesophagus was confirmed.
Integration of CartoSound image of the left atrium with computed tomography image
Intracardiac echography (ICE) images were displayed through the CartoSound module using an Acuson X300PE echocardiography system (Siemens Medical Solutions USA, Mountain View, CA, USA). Intracardiac echography plane LA images were obtained at the end-tidal position and 50% of the R-R interval before transseptal puncture as described previously. 19 The range of the contours sampled was 6 -9
between the ostia of the right PV and left PV, and these contours were registered as the LA ICE image. After visual alignment, the two images were integrated with the installed surface registration program.
Atrial fibrillation ablation
Circumferential pulmonary vein isolation was done in the integrated LA image using a ThermoCool EZ Steer catheter in the conventional group and a ThermoCool SmartTouch catheter in the CF group by the two operators (M.K. and K.O.) having experience of AF ablation in .200 cases. The ablation catheter was advanced into the LA via the long sheath, which was then pulled back to the right atrium in order to reduce systemic thromboembolic risk. Radiofrequency energy was delivered at 30 W in the anterior aspect of the CPVI line and 25 W in the posterior aspect using a Stockert 70 RF generator (Biosense Webster). Although RF energy was being delivered, the catheter tip was dragged by 2 mm every 20 -25 s. When RF energy needed to be delivered on the oesophagus, it was reduced to 20 W, and the maximal application time was set to 20 s. The endpoint of CPVI was elimination of all PV potentials recorded by a circular catheter (Lasso Nav, Biosense Webster) placed at the ostium of the PV, and PV-to-LA block during pacing from 10 pairs of the circular catheter at 10-V output with 1-ms pulse width.
Analysis of residual conduction gaps
After completion of CPVI in both sides, it was again assessed if PV reconnection was present or not in all PVs. Thus, PV reconnection was assessed 20 -30 min after completing CPVI, and when it was present, touch-up ablation was added. As described previously, CPVI line was divided into eight segments in the left and right PVs. 12 After encircling linear RF ablation was done in each of the left and right PVs, a circular catheter was placed at the ostium of the PV, and the presence of LA-to-PV connection indicated by the PV electrogram(s) was assessed. When the signal was detected, that is, there was a gap(s) in the encircling linear ablation line, touch-up ablation
What's new? † Incomplete pulmonary vein (PV) isolation (PVI) or PV reconnections after PVI have been shown to be responsible for recurrence of AF. † Recently developed new catheter system allows us to monitor CF of electrode to target tissue, which is a major determinant of lesion size. † In the present study, we showed that CF-guided CPVI using a ThermoCool SmartTouch catheter had a reduced number of residual conduction gaps and prevented AF recurrence at 12-month follow-up period compared with the conventional CPVI using a ThermoCool EZ Steer catheter. † The use of CF information during CPVI procedure and ap-
propriate CF values to achieve complete lesion formation may contribute to prevention of AF recurrence after CPVI and help improve long-term outcome in patients with paroxysmal AF.
targeting the earliest electrogram site was performed until elimination of the electrical signal. The number of residual conduction gaps in each segment requiring touch-up ablation to complete CPVI after encircling linear ablation was compared between the two groups.
Follow-up
All patients were seen in the clinic at 1 and 3 months after CPVI and every 3 months thereafter until 12 months. The blanking period was defined as 3 months after CPVI. Any asymptomatic or symptomatic atrial tachyarrhythmia lasting more than 30 s including recurrent AF was detected by either a 12-lead electrocardiogram (ECG) or a 24-h Holter ECG at every visit to the clinic. Patients with symptomatic tachycardia episodes lasting more than 30 s without ECG documentation were also counted as a recurrence.
Statistical analysis
Data were expressed as mean + standard deviation or n (% 
Results

Patient profiles
The clinical characteristics of the patients are summarized in Table 1 . No significant differences in gender, risk factors, left ventricular ejection fraction, and left atrial diameter were found between the conventional and the CF groups. Mitral regurgitation grade was mostly none or mild in both groups and did not differ between the two groups. There was a trend for the CF group to be older, which was likely reflected by higher CHADS 2 and CHA 2 DS 2 -VASc scores in the CF group, although these scores did not differ statistically between the two groups.
Procedural characteristics
The procedural characteristics are summarized in Table 2 . Total procedure and total fluoroscopy times were both significantly shorter in the CF group than in the conventional group (160 + 30 vs. 245 + 61 min, P , 0.001, and 17 + 8 vs. 54 + 27 min, P , 0.001, respectively). Procedure and fluoroscopy times for CPVI, which were defined as times from initial RF application to completion of CPVI, were also both significantly shorter in the CF group than in the conventional group (62 + 3 vs. 116 + 6 min, P , 0.001, and 1 + 0.2 vs. 12 + 12 min, P , 0.001, respectively). The bidirectional LA-PVs blocks after CPVI were successfully completed in all the cases. Additional linear ablation in LA was performed in 13 patients, who had no AF termination after CPVI and consequently had a cardioversion: 9 in the conventional group and 4 in the CF group (P ¼ 0.23). As shown in Table 2 , either roof, bottom, or mitral isthmus line was created. In the conventional group, two patients had both roof and mitral isthmus lines, and another two patients had all three additional linear ablations. The other five patients had one additional linear ablation. In the CF group, three patients had both roof and bottom lines and the other one both roof and mitral isthmus lines. No significant differences in additional linear ablation were found between the two groups. Superior vena cava (SVC) isolation in patients with SVC foci was performed in 10 patients: 8 in the conventional group and 2 in the CF group (P ¼ 0.09). Bidirectional block in the SVC was created in Usefulness of contact force-guided CPVI all of the 10 patients. There were no major complications related to CPVI in all study patients. Regarding the use of antiarrhythmic agents after the procedure, 31 patients in the conventional group and 41 in the CF group had no drugs, although it did not differ statistically ( Table 2 , P ¼ 0.13).
Residual conduction gaps Figure 1 shows the number of residual conduction gaps requiring touch-up ablation after creating an ablation line around the left and right ipsilateral PVs. Total number of gaps in the conventional and CF groups were 6.3 + 2.7 and 2.7 + 1.7, respectively (P , 0.05). The number of gaps around left superior PV (LSPV), left inferior PV (LIPV), and right superior PV (RSPV) was significantly smaller in the CF group than in the conventional group, but not around right inferior PV (RIPV). Figure 2 shows the detailed distribution of residual conduction gaps in the eight segments of the left and right PVs for the conventional and CF groups. The number of gaps at the left PV was significantly smaller in the CF group than in the conventional group in all eight segments except in the posterosuperior aspect of LSPV and the anteroinferior and posteroinferior aspects of LIPV (Figure 2A) . At the right PV, on the other hand, only anterosuperior aspect of RSPV in the CF group had a significantly smaller number of gaps than in the conventional group ( Figure 2B ). Figure 3A shows the mean CF values in the eight segments of the left and right PVs for the CF group, all of which were between 10 and 15 g.
Long-term outcome
All patients were followed-up for 12 months. At the end of followup period, 39 patients (78%) in the conventional group and 47 patients (94%) in the CF group remained free from any atrial tachyarrhythmia including recurrent AF, and their difference was significant (P ¼ 0.02 by log rank test, Figure 4A ). Forty-one patients (82%) in the conventional group and 48 patients (96%) in the CF group were free from recurrent AF, and similarly their difference was significant (P ¼ 0.02 by log rank test, Figure 4B ). Circumferential pulmonary vein isolation was done by the two operators (M.K. and K.O.). In the conventional group, M.K. performed CPVI in 17 patients and K.O. in 33, whereas in the CF group, M.K. in 31 and K.O. in 19. There were no differences in event-free survival curves between the two operators at the end of follow-up period both in the conventional and in the CF groups.
Multivariate Cox regression analysis further showed that the use of CF was a significant determinant for preventing recurrence of atrial tachyarrhythmia [hazard ratio (HR) 0.19, 95% confidence interval (95% CI) 0.04-0.66, P ¼ 0.007] ( Table 3A) or AF (HR 0.23, 95% CI 0.05-0.83, P ¼ 0.02) ( Table 3B) .
Discussion
Major findings
In the present study, we found that the CF-guided CPVI using a ThermoCool SmartTouch catheter had a reduced number of Usefulness of contact force-guided CPVI residual conduction gaps compared with the conventional CPVI using a ThermoCool EZ Steer catheter, which in turn may contribute to the decrease in total procedure and total fluoroscopy times in the CF-guided CPVI. Most importantly, patients with the CF-guided CPVI showed a favourable long-term outcome compared with those with the conventional CPVI. Also no major complications related to CPVI were found in the CF-guided CPVI. These findings indicate that the CF-guided CPVI is safe and more effective in reducing not only the procedure time but also the recurrence of atrial tachyarrhythmias and/or AF than the conventional CPVI, possibly due to reduced residual conduction gaps during CPVI procedure.
Reduced residual conduction gaps in the contact force-guided circumferential pulmonary vein isolation
Atrial fibrillation recurrence after PVI is highly correlated with PV reconnections. 6 The use of CF information during PVI has been shown to be useful in reducing PV reconnections and procedure time. 9 -11,20 These findings are supported by the present study
showing that the total number of conduction gaps was significantly lower, and procedure and fluoroscopy times were also significantly shorter in the CF group than in the conventional group. Greater lesion durability, sufficient time to produce a complete lesion, and avoiding ablation at suboptimal force seem to be potential mechanisms for less residual conduction gaps in CF-guided ablation.
It should be noted that the number of conduction gaps in RIPV is similar between the CF and the conventional groups, whereas in the other regions, it is significantly less in the CF group than in the conventional group (Figure 1) . Since mean CF values in all regions were maintained to 10 -15 g in the CF group, this finding suggests that sufficient CF to prevent PV reconnections may have been obtained without CF information only in RIPV, whereas not in all other regions. Indeed, we previously showed that CF at 10-15 g was obtained only in RIPV without CF information during CPVI procedure. 12 Thus, operators may have been able to get sufficient CF in RIPV without CF information. Furthermore, recent study by Sotomi et al. 21 showed that there is a regional difference in optimal CF values to prevent PV reconnections: a lower CF (10 -15 g ) is enough in the posteroinferior segments, but a higher CF (17 -22 g ) is required in the other segments. This may also be partly associated with site difference in residual conduction gaps found in the present study.
Favourable outcome in the contact force-guided circumferential pulmonary vein isolation
Efficacy of CF-guided CPVI has been demonstrated by several recent studies showing that the use of CF information during CPVI procedure is associated with improved long-term freedom from atrial tachyarrhythmias at 12 months compared with a conventional CPVI without CF information. 13, 14 Andrade et al. 22 also showed that the use of real-time CF guidance reduces occurrence of dormant conduction, and consequently prevents AF recurrence significantly at 12-month follow-up compared with a standard CPVI without CF guidance. In our previous randomized study, although CF-guided CPVI seemed to show a preferable outcome compared with non-CF-guided CPVI, the difference between the two groups did not reach a statistical significance. 12 This was because of the small number of the study patients (the number of PAF patients was 14 in CF-guided group and 13 in non-CF-guided group) and short follow-up period (6 months). The present study compared the 12-month outcomes of the 50 patients with conventional CPVI with those of the other 50 with CF-guided CPVI, and showed significantly reduced AF recurrence in the CF group, supporting the benefit of the CF use on long-term outcome. Multivariate Cox regression analysis also supports this finding. Furthermore, a potential link of reduced residual conduction gaps with prevention of AF recurrence was demonstrated in the present study. Recent retrospective multicentre study by Jarman et al. 16 also demonstrated improved arrhythmia-free outcomes at 12 months in PAF patients with CF-guided CPVI, and reduced fluoroscopy time during the procedure. Although they further showed that mitral regurgitation was an independent predictor for AF recurrence, the present study found no difference in mitral regurgitation grade between the conventional and the CF groups ( Table 1) . Recent prospective, single-centre study demonstrated that a lower incidence of AF recurrence was observed in PAF patients with high CF values (≥22 g) compared with those with low CF values (,22 g) during a mean follow-up of 19 months (4.0 vs. 20.0%). 23 The TOCCATA study also showed that PAF patients with high CF values (.20 g) experienced relatively lower incidence of AF recurrence (20%), whereas AF recurrence occurred in all patients with low CF values (,10 g) at 12-month follow-up. 24 Also higher incidence of PV reconnections was observed in PAF patients with low CF values (,10 g). 25 All these studies suggest that low CF values, especially ,10 g, are associated with PV reconnections and AF recurrence. The CF values targeted in the present study (10-15 g ) are based on our previous study showing that there is no difference in the number of residual conduction gaps between the CF values from 10 to ,15 g (10 ≤ CF , 15 g) and ≥15 g. 12 The present study confirmed that this range of CF values (10 -15 g ) is sufficient to prevent AF recurrence at 12 months. The other studies further showed that a mean of CF values was 17.9 g 21 and 13-17 g at each site 22 for favourable long-term outcome. Although 10-20 g may be a preferred CF value to achieve favourable outcome, other factors such as stability and force time integral (FTI) may also be associated with it. Indeed, recent SMART-AF Trial showed that stable CF during CPVI is associated with reduced AF recurrence at 12-month follow-up. 15 Further studies are required to clarify optimal CF values and CF-related parameters for preventing AF recurrence.
Study limitations
There are some limitations. First, this is not a randomized study comparing the long-term outcome between the conventional and the CF groups. We compared the results between the first successive 50-patient group undergoing CPVI without CF information and the latter successive 50-patient group undergoing CPVI with CF information. We designed the present study in this way, because a CF sensor-equipped ThermoCool SmartTouch catheter became available in Japan at the mid-study period (October 2012), and our previous randomized study evaluating the usefulness of a CF catheter, the participants of which were excluded from the present study, was performed from November 2012 to March 2013. 12 Also the improvement of the operator's catheter manipulation with accumulating experience with CF-guided CPVI may have favourably affected the outcomes in the CF groups, as we previously described. 12 Secondly, the patients in the CF group tended to be older (P ¼ 0.05). Nevertheless, the CF group showed favourable outcomes, indicating its minimum influence on the study. Thirdly, we performed 24-h Holter ECG recording at 3, 6, 9, and 12 months after CPVI to detect any asymptomatic AF recurrence or atrial tachyarrhythmias. Since this modality has a limitation in detecting the actual rate of recurrence, continuous monitoring using an implantable device or others during follow-up period would allow us to detect asymptomatic arrhythmias. Finally, data regarding FTI and catheter stability evaluated by the VisiTag module were not measured in the present study. Appropriate real-time use of these information during CPVI may potentially contribute to the improvement of ablation procedure and long-term outcome. Further studies using these tools are awaited.
Conclusions
The CF-guided AF ablation using a ThermoCool SmartTouch catheter is safe and more effective in reducing procedure time and preventing AF recurrence during long-term period. These beneficial effects of the CF-guided CPVI are likely due to reduced residual conduction gaps, possibly through achieving complete lesion formation.
